lithium manganese oxide spinel, tetragonal Li 2 Mn 2 O 4 , EELS, twinning, defects, interface, lithiation Spinel lithium manganese oxide (Li x Mn 2 O 4 ) is used as an active material in battery cathodes. It is a relatively inexpensive and environmentally friendly material, but suffers from capacity fade during use. The capacity losses are generally attributed to the formation of the tetragonal phase (x > 1) due to overpotentials at the surfaces of the micron-sized particles that are used in commercial electrodes. In this study, we investigate the mechanisms of tetragonal phase formation by performing electrochemical lithiation (discharging) in-situ in the transmission electron microscope (TEM) utilizing diffraction and high resolution as well as spectroscopy. We observe a sharp interface between the cubic spinel (x = 1) and the tetragonal phase (x = 2), that moves under lithium diffusion-control. The tetragonal phase forms as a complex nanotwinned microstructure, presumably to relieve the stresses due to expansion during lithiation. We propose 2 that the twinned microstructure stabilizes the tetragonal phase, adding to capacity loss upon deep discharge.
LMO has so far only been studied with in-situ TEM for the case of LiMn 2 O 4 nanowires, in which a cubic-to-tetragonal phase transformation was confirmed by electron diffraction upon lithiation. 15 But in contrast to previous reports, the transformation was fully reversible and proceeded via an intermediate orthorhombic phase. It was suggested that this could be due to particle size effects previously observed by XRD on large ensembles of LMO particles. 16 A closer study to better understand and confirm these observations requires higher spatially resolved methods such as have been applied to LiMn 1.5 Ni 0.5 O 4 17 and LiFePO 4 18 using x-ray methods. Comprehensive TEM-based studies including STEM-EELS (which have been applied to e.g. LiFePO 4 19 ) could not be performed on the nanowires probably due to their thickness limiting the applicability of EELS and STEM.
As a first step in understanding how the tetragonal phase may lead to capacity fade in LMO, we track the microstructural changes during electrochemical lithiation of LMO electrode particles using in-situ TEM studies. With the help of in-situ TEM, diffraction, STEM and EELS and laser-assisted Atom Probe Tomography we are able to track the phase boundary and the associated changes in microstructure during lithiation above x>1, i.e. deep discharge. The unexpected formation of a twinned microstructure indicates an important role of lithiationinduced stresses and may stabilize the tetragonal structure against delithiation thereby providing a possible specific mechanism for capacity fade.
Results and Discussion
In-situ lithiation of a LMO specimen prepared by FIB from commercially available micronsized particles was performed in the TEM by mechanically contacting the foil with a lithium tip (see Methods section for more detail). Bending contours in bright field (BF) imaging clearly reveal a reaction front moving from the contact with the Li tip into the LMO sample (e.g. Figure   2 (a)). The reaction front movement is accelerated by applying a -5 V bias and can be stopped during the experiment by mechanically separating the foil from the lithium source. Although the reaction proceeds without the application of an external bias, we apply a bias here to compensate for any voltages generated in the sample by electron beam illumination 20 and to overcome possible chemical potential barriers between the tip and sample. 21 direction show the similarity between the phases.
The portion of the sample shown in Figure 2 (a) is completely lithiated within 180s, which corresponds to a very high charging rate of approximately 20C. A video of this reaction is available in the Supporting Information. Bending contours are visible directly after contact with the lithium tip and move with the reaction front into the sample. The bending contours are localized directly at the interface, presumably because the phase transformation involves distortion of the original cubic spinel lattice to a tetragonal crystal structure (Figure 1) , helping to identify the interface shape and movement.
Diffraction patterns (Figure 2 (b) ) confirm that the sharp boundary observed in the TEM (Figure 2 (a) ) is the phase interface between the initial LiMn 2 O 4 and lithiated Li 2 Mn 2 O 4 . The diffraction pattern of the initial material (Figure 2 (b A partially in-situ lithiated Li x Mn 2 O 4 TEM specimen containing a phase interface between x = 1 and x ≈ 2 was characterized using high-resolution TEM and STEM-EELS (Figure 3) . The electronic structure of the sample is studied in both the low-and high-loss regions of the EEL spectra. The transformation from x = 1 to x ≈ 2 causes the plasmon peak to shift by 0.9 eV to lower energies (Figure 3 (a) ), which is used in Figure 3 (c) to map the interface between the phases. This peak shift is in the same direction but three times larger than the energy shift observed and used to map lithium content in (Li)FePO 4 , various manganese oxides 23 ) and indicated a change in electronic properties. An unidentified broad peak present at 10 eV, lying at a similar energy as an intraband transition observed in (Li)FePO 4 19 , diminishes upon lithiation.
Furthermore, the height of the Li-K edge at 58 eV in Figure 3 (a) increases by 75%, while the Mn-M edge only slightly changes in intensity while keeping the same shape.
In the high-loss region (Figure 3 (b) ), the O-K edge, which corresponds to the transition from the O 1s to the hybridized bands of O 2p and Mn 3d 24 , shows a shift in the first peak maximum from 529.6 eV to 530.1 eV as a result of lithiation. Additionally, the intensity ratio of the first to second peak of the O-K edge increases. This trend has been observed in multiple EELS studies upon lowering manganese valence due to the interaction of above mentioned states in the MnO 6 octahedra. 23, [25] [26] [27] [28] [29] The Mn-L 3 edge moves from 642.7 eV lower to 641.8 eV upon lithiation.
Moreover, an increase in the Mn L 3 /L 2 ratio can be observed also indicating a drop in valence. 23, [25] [26] [27] [28] [29] The more symmetric shape of the x ≈ 2 Mn L 3 peak is consistent with a pure Mn 3+ state while the shoulder on the x = 1 Mn L 3 peak suggests a mixture of Mn 3+ /Mn 4+ states. The intensity ratios of the first two oxygen peaks as well as the Mn L 3 /L 2 intensity ratio have been widely used to map Mn valence changes in the literature. However, intensities are somewhat more sensitive to background signal and detector noise than peak positions. 25 Therefore, the change in absolute energy difference between the O-K and Mn-L 3 edges can provide a high signal-to-noise measure of Mn valence. 27 The position of the phase boundary is clearly shown in Figure 3 (c) using a map of the plasmon peak energy. It correlates well with the Li-K peak counts which have been vertically averaged in the map region and overlaid on the map. The lithium counts almost double across the interface, as expected.
The manganese valence map in Figure 3 (d) also clearly marks the same position for the interface. The slightly lower resolution follows from higher binning needed to process the data.
The change in valence of 0.4(2) from 3.45(12) on the left to 3.05(11) on the right is slightly smaller than the expected 0.5 for the x = 1 to x = 2 transformation, but valence quantification in the TEM and particularly in an in-situ sample is difficult and requires careful calibration standards and/or theory calculations.
The EELS maps of electronic structure at the interface (Figure 3 (c,d) ) show that the interface is rough, suggesting that the interface is not crystallographically sharp, not planar or not parallel to the electron beam. Thus, the approximate 100 nm interface transition width observed in both lithium and manganese electronic structure and the 50 nm width observed in the plasmon map serve as upper limits of the phase boundary width. Further ex-situ analysis of a single domain of the lamellar structure was performed in a doubletilt holder directly after an in-situ lithiation (Figure 4) . The inset SADP (Figure 4 (a) ) reveals a twinned tetragonal phase with a twinning plane of (112) t / (101) p , indicated by a dashed line. This is the most common twinning plane in tetragonal minerals. The closely spaced diffraction spot pairs correspond to the (004) t / (010) p and (220) t / (001) p reflections of the two twin variants. This is confirmed in Bragg-filtered HRTEM images in Figure 4 (c) that is color-coded using the spot selection shown in the FFT of the image. While the interface plane between both variants is not perfectly planar it is close to the (101) p twinning plane.
Both BF and Bragg-filtered HRTEM imaging allow the periodicity of the twin variants to be determined as between 20 and 50 nm. The thickness of the twins is not constant across the whole specimen (Figure 4 Laser-assisted atom probe tomography (APT) is used to look more carefully for any possible variations in composition within the twinned structure. We use here the same APT method that has been successfully applied previously to investigate lithium distributions in LMO by Pfeiffer and Maier, et al. 30, 31 In this case, a fine needle was cut directly from the in-situ TEM lithiated specimen in Figure 4 using FIB, and then analysed with laser-assisted APT ( crystalline samples tended to have smaller diffusivities. 32 This is also multiple orders of magnitude smaller than the surface diffusion coefficient of lithium on graphite ( = 5 • 10 cm /s) 33 , which allows us to conclude that the reaction front is controlled by lithium diffusion in the twinned single crystal Li 2 Mn 2 O 4 phase.
We analyzed the data in Figure 6 (b) in detail to understand the reasons for the strongly heterogeneous interface velocities. The propagation of the reaction front is strongly hindered at the interface between the red and upper blue domains, but not at any of the other interfaces, so that a connection between interfaces and front propagation is not immediately obvious. Plots of the local interface velocity (magnitude and direction) as a function of local twin orientation also did not show a clear correlation (Supplementary Information). We also found no systematic effect of the estimated local foil thickness (which is thinner near the edges) or experiment time on either the local front velocity or the twin spacings. In contrast, in-situ lithiation of several other samples showed that existing stacking faults in the LiMn 2 O 4 strongly hindered front
propagation. The specimen shown in Figure 6 did not contain stacking faults in the pristine state, however the presence of dislocations and point defect clusters cannot be ruled out. Thus, we presume that the main factor causing the locally variable front propagation velocities are the presence of defects and stresses that we could not identify during pre-characterization.
In total, 15 in-situ TEM lithiation experiments were performed. All showed a sharp phase interface that propagated into the TEM specimen and the formation of a twinned structure in the transformed region. Between one and 3 different oriented twinned domains were observed with twin thickness periodicities between a few and 100 nm. A similar twinned microstructure was found in the tetragonal Li 2 Mn 2 O 4 phase contained within several of the investigated pristine LiMn 2 O 4 particles (see Supporting Information). This indicates that the twinned microstructure can occur in lithium manganese spinel even without the extreme conditions used for the in-situ experiments (large overpotential, high C-rate and TEM irradiation). In particular, it shows that the minimum specimen dimensions (ca. 100 nm thick TEM foil versus 5 μm diameter particle) do not completely control phase stability, in contrast to the interpretation of electrochemical measurements in a previous report. 16 Generally, twinned microstructures with very similar microstructures result from stress-driven, diffusionless martensitic transformations from the cubic to tetragonal phase in a wide range of materials with similar c/a ratios. This introduces the idea that the martensitic-like microstructure observed here may be the result of stresses created by lithiation. A similar twinned microstructure in lithium containing manganese oxide has to our knowledge only been reported in oxygen-deficient Li 1+α Mn 2-α O 4-δ , which showed tetragonal distortion directly after calcination, 6 while twinning is not uncommon in other types of manganite spinels. 34, 35 The TEM foils have a roughly equi-biaxial plane stress state, so that stress-driven twinning Figure 2 ), while foils with orientations further away from <111> c should contain one (e.g. Figure 4 ) or two domains. A comparison of all 15 in-situ samples showed some tendency for the twin domains to form as predicted by stress relief (see Supporting Information).
However, evidence that driving forces other than the foil plane stress state are important can be seen directly in Figure 6 (b) . During reaction of the initially single crystal region, a new domain is formed (indicated by * in Figure 6 (b) ), and another domain ceases to grow (indicated by †).
Since the initial plane stress state due to the foil geometry is homogeneous, we presume that the reasons for the observed domain selection during growth must be due to the interaction of the interface stresses 36 with defects that could not be seen during pre-characterization.
We found no clear connection between the twin spacings and the out-of-plane foil orientations.
For example, if the foil plane stress state is decisive in driving twin formation, then twins are less likely to form in foils with an out-of-plane orientation along one of the <100> c cubic directions, since the 13% expansion due to the lithium induced cubic-to-tetragonal transformation can occur unconstrained, leaving only the ca. 1% contraction to be accommodated by in-plane stresses.
However, we unfortunately never encountered a near <100> c out-of-plane oriented sample, and it is possible that strains on the order 1% are already more than sufficient to initiate twinning as a stress relief mechanism. The observation of both Li diffusion controlled motion of the interface and of the martensitic needle structure characteristic of mechanical twinning suggests that the transformation is a coupled diffusional/displacive transformation. 38 The differences to purely displacive transformations like the martensitic transformation are therefore in the kinetics due to the diffusional component. But the crystallographic martensitic transformation theory is still applicable, which also predicts dislocations in the planar interface between cubic and tetragonal phase. 39 Displacive transformations are often reversible, with the most notable case being shape memory alloys, where the boundary between both phases is highly glissile. However, a significant loss in reversibility is observed once the transformation causes plastic deformation and dislocation accumulation. 40, 41 The highest reversibility is reached when the crystallography allows an undistorted habit plane between both phases and when there is no volume change to the unit cell 42 . For steel, the large volume change during the martensitic transformation is often given as the reason for irreversibility. 43 In light of the large volume change ΔV ≈ 5-6% associated with lithiation of LMO and the observed dislocation accumulation near the phase boundary (Figure 7) a highly reversible transformation is not expected. In fact, attempts to reverse the movement of the lithiation front were not successful even at very high overpotentials up to +15V. It is conceivable that the applied overpotential is not large enough to drive the in-situ reaction, as a result of charging from secondary electron emission 20 and possible potential barriers to moving the Li through the lithium oxide/nitride layers 44 . Nonetheless, successful delithiation of α-MnO 2 nanowires has been reported using a similar in-situ setup with a solid lithium electrode at a potential of +4V 45 ., suggesting that the origin of the irreversibility observed here lies in the transformation itself and not in experimental complications.
Summary and conclusions
We have demonstrated that in-situ lithiation of Li x Mn 2 O 4 in the TEM leads to the expected phase transformation from cubic spinel (x = 1) to tetragonal spinel (x ≈ 2) and that the two phases are clearly distinguishable by a sharp semi-coherent interface. We were able to verify the successful lithiation by both structural and spectroscopic analysis of the lithium content and manganese valence, but did not detect the orthorhombic intermediate phase previously reported in nanowires. 15 The deviations from the expected stochiometric values for the lithium content ratio (1.75 instead of 2) may be explained by the in-situ conditions and the difficulty of detecting
Li, but is also consistent with a valence change of only 0.4. Furthermore, it is possible that Li vacancies are stable in the tetragonal phase, extending the equilibrium composition range to below x = 2, in which case the measured composition at the reaction front would be less than x = 2, reflecting a finite solubility of the x = 1 phase in the x = 2 phase. 4, 16, 46 The small measured deviations from the expected manganese valences are well within the typical range of accuracy for EELS, and depend critically on the method used to determine valence from the electron energy loss spectra. In fact, the possibility here to perform manganese valence determination across a chemical boundary within a single sample offers a rigorous test of the various methods to determine valence; in LMO the energy difference between the O-K a edge and Mn-L 3 edge seems to be more reliable, rather than the more widely used methods based on the Mn-L edge intensities. By analyzing reaction front movement, we conclude that the reaction is diffusion limited and were able to obtain a value for the lithium diffusivity in twinned single crystal Li 2 Mn 2 O 4 , which is in the range of previously reported values for LiMn 2 O 4 , indicating that transport in the tetragonal phase is not a rate-limiting factor during battery operation. Our measurement provides a reference value of the diffusivity that can be used to identify roles of grain boundaries, particle ensembles, polycrystallinity and cycling damage that have influenced previous measurements of rate-limiting transport.
During the in-situ tetragonal transformation of the lithium manganese oxide, we observed the formation of a complex twinned microstructure with a well-defined crystal orientation relative to the initial cubic phase and strongly reminiscent of mechanically twinned microstructures. We conclude that the twin microstructure formation is stress-driven, although the lack of a clear dependence on the plane stress state of the foil not made, points to the importance of stress fields from defects and from phase misfit. This twinned tetragonal phase could not be reversibly transformed back to the cubic phase, presumably due to the accumulation of dislocations at the phase interface. Residual tetragonal domains have been previously found in the TEM in 0<x<1 cycled samples and attributed to local overpotentials and named as a cause for battery fatigue 11 .
Therefore, we suggest that the twinned microstructure hinders delithiation of the tetragonal phase and contributes to capacity loss in Li x Mn 2 O 4 -based batteries.
Methods
Sample preparation. Sigma Aldrich lithium manganese (III,IV) oxide LiMn 2 O 4 powder with a nominal particle size smaller than 5µm was used. Large, facetted particles were selected and cut into TEM foils using a Focused Ion Beam microscope (FIB, FEI Nova Nano Lab 600 FIB-SEM). After depositing a Pt protective layer, a micron-sized block aligned to the main particle facets was transferred to a TEM half ring (Omniprobe grid) using a micromanipulator. There, one corner was thinned to TEM transparency with the FIB. The Pt protective layer was later removed from the edge of the foil to make the specimen edge accessible to contact by the lithium tip.
TEM characterization/in-situ method. Pre-characterization of the specimen was performed using a 300 keV TEM (Phillips CM30) to confirm the LiMn 2 O 4 cubic spinel structure and characterize any grain boundaries or other defects. In situ experiments and subsequent ex situ characterization were conducted in a FEI Titan microscope at 300kV with an image corrector and a Gatan GIF Quantum with Dual EELS capability.
The in-situ holder is a piezo-controlled Nanofactory STM-TEM single-tilt holder in which the FIB-prepared specimens were mounted. Immediately before inserting the holder into the TEM, the W tip of the STM-holder was scratched across a freshly cut Li surface covered in liquid npentane (ChemSolute). The n-pentane slows oxidation of the lithium while the W tip is mounted in the holder, the holder is inserted into the TEM, and pumped down, all in less than a minute.
The n-pentane keeps the lithium from completely reacting, but allows a layer of lithium oxide/lithium nitride to form on the surface, which acts as a solid electrolyte during the experiment. 47, 48 Lithiation inside the TEM is initiated by mechanical contact between the tip and the specimen; the contact is confirmed by movement of the specimen, bending contours observed in bright field mode and small changes in the electrical currents. A bias of -5V is applied between tip and sample to drive the reaction and counteract possible positive biases in the sample due to the secondary electron generation and the lithium oxide barrier. 20, 21 The reaction could be halted by breaking off the contact between sample and tip.
EELS characterization of the specimen. Energy drift correction and deconvolution of the low-loss EEL spectra were performed using built-in functionalities of Digital Micrograph. Li content near the reaction interface was obtained by mapping the lithium K-edge, integrated over a window of 15eV behind the edge after a power-law background subtraction had been performed. Since all acquisition parameters were the same within a given map, the edge counts are proportional to the number of atoms in the beam path and therefore provide a direct measure of relative changes in lithium content 49 , assuming that other element compositions do not vary during an experiment. The plasmon position was determined by a Gaussian fit to a 5eV region surrounding the maximum.
Manganese valence was determined using a method established by Zhang et al. for manganese oxides based on the energy difference between the O-K a edge and Mn-L 3 edge. 27 The energy difference was measured after of power-law background subtraction based on the background in front of the O-K edge and deconvolution using Digital Micrograph. We note that this method gave valences closer to the expected values than methods based on the Mn-L edge intensities.
The error for this method is taken as the approximate 3.5% percent of the value stated in the above publication, since the standard deviations calculated from our data are about equally large.
Atom probe tomography analysis and sample preparation.
A tip with ca. 30 nm apex radius was prepared by FIB from a previously in-situ lithiated TEM specimen that was interim stored under vacuum. After transfer of the sample to a tungsten support wire, the tip was cut and sharpened using an established lateral cut method. 50 Laser-assisted atom probe analysis was performed using a method developed for LiMn 2 O 4 . 31 The analysis temperature of 30 K immobilizes the lithium and allows determination of lithium concentrations at and across defects. 30 
ASSOCIATED CONTENT
Video of in-situ experiment referred to in Figure 1 Figure 5 shows the local Li/Mn ratio obtained from an APT reconstruction (Figure 5) averaged along a cylindrical volume that is aligned perpendicular to the twin boundaries. The mean ratio of 1.28 is twice as large as the mean ratio measured in the pristine starting material 7 0.615. 31 This was however measured in a high quality conventional APT sample with a presumably much larger number of counts (~10 million), therefore having a much smaller standard deviation. APT analysis does not generally yield absolute compositions due to lost counts and the formation of complex ionized molecules; however, ratios of element counts are considered to be a reliable and quantitative measure of changes in composition by Maier, et al. 31 The local variations in the Li/Mn ratio in the twinned material doesn't exceed 8% from the average and doesn't correlate with twin boundary positions or spacing. Thus we conclude that with our resolution of 1 nm the depletion or segregation at the twin boundaries doesn't exceed this value. Based on the standard deviation there is no indication that the two of the Li 2 Mn 2 O 4 differ by more than 3%.
SI-
Despite the fact that the XRD data in SI- Figure 2 did not show any signs of an additional phase in the pristine LiMn 2 O 4 powder, several particles containing tetragonal lithium manganese oxide were found during the TEM investigations. SI- Figure 6 (a,b) shows tetragonal diffraction patterns from one of the particles. The images in SI- Figure 6 (a,b,c) As discussed in the paper we did not find a clear correlation between the orientation of the twin boundaries and the direction of fastest lithiation front movement. The data that was collected for this assessment is presented in SI- Figure 7 . The displacement of the boundary during 4 different time intervals is plotted for the different domains as a function of the angle between the direction of reaction front movement and the twin boundary normal. Despite all three domains exhibiting a direction of fastest motion, which roughly corresponds with the average diffusion direction for the domain, there is no correlation with the twin boundary orientations. Competition between domains as well as the fact that the propagation directions are limited to a range of only 90° due to the sample geometry, likely limit how rigorously we can investigate possible correlations between the tetragonal phase microstructure and the front velocity. In any case, the lack of a clear dependency suggests that possible fast diffusion paths for Li, such as along twin boundaries, are not dominant. Figure 8 . Different scatter plots to evaluate the influence of various parameters twin spacing for the specimen in Figure 2 of the paper. The (normalized) twin variant thickness is plotted against the distance r to the lithium contact point (a), which depends on experiment time, and against the distance from the top of the lamella image (presumed to scale linearly with the lamella thickness) (b).
We further investigated the influence of different parameters on the variation in twin spacing between different domains and within single domains. SI- Figure 8 shows scatter plots aimed at looking for correlations between the twin spacing and the diffusion distance (a) and the TEM foil thickness (expected to increase roughly linearly with distance from the free edge of the foil as a result of the FIB preparation method) (b). Normalization has been performed by the average. The data of the green domain shows no trends for either of the parameters and plots possibly because it was confined to a small region of the sample. However, even though one might see a slight trend in both the blue and red domain the data is too noisy to come to any conclusions not even whether the paramaters in (a) or (b) are more relevant. Figure 9 . Dependence of the number of domains on the TEM foil out-of-plane orientation.
Due to uncertainties in the determination of the out-of-plane orientations, the range of possible normal directions for each foil are indicated by lines, arcs, or spots. The TEM foil normal is assumed here to be parallel to the TEM grid normal, although it may in fact be several degrees off. The color of the markings indicates the number of observed twin domains.
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In order to look for any connections between the TEM foil out-of-plane orientations and the number of twin domains during the various in-situ tests, we summarized the observations based on the pre-characterisation of the foils using a stereographic triangle for the cubic system, SI- Figure 9 . We have argued that the nanotwin formation is likely stress-driven. Assuming an equibiaxial stress state in the plane of the TEM foil, the largest reduction in strain energy is predicted when (i) the c-axis of the tetragonal phase is aligned along the [100] direction of the pristine cubic phase that was closest to the foil out-of-plane normal, and (ii) the observed twin domains reflect the twinning planes with the largest resolved shear stresses. Thus, we would predict three different twin domains for foils with a near-<111> c out-of-plane orientation, two different twin domains for foils with a near-<100> c out-of-plane orientations, and one twin domain for foils with near-<110> c out-of-plane orientations. Since we did not always measure the out of plane orientation of the tetragonal phase, we are unable to test the first assumption. However, the summary of the in-situ test observations, SI- Figure 9 , does indeed show that the number of twin domains does show a tendency to adhere to the behavior expected for microstructure formation governed by stress relief.
